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Edited by Jesus AvilaAbstract To examine the eﬀect of aggregation sequence
QGGYQQQYNP from yeast Sup35 on ﬁbril formation of
sperm whale apomyoglobin (apoMb), we constructed several
mutants via substitution. Urea-induced unfolding of apoMb
conﬁrms that the substitution of the aggregation sequence does
not signiﬁcantly aﬀect the stability of the mutants compared to
wild type (WT) at pH 4.2. Under this condition, however, despite
the diﬀerence in rate most apoMb mutants form ﬁbrils more
readily than WT with distinct morphology. These results suggest
that the aggregation sequence facilitates ﬁbril assembly of
apoMb at acidic pH in vitro and this facilitation depends on
the regions replaced.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Amyloid ﬁbrils are associated with about 20 human diseases
[1]. Recently, it has been found that proteins other than those
related with diseases are capable of self-associating into ﬁbrils
under appropriate conditions in vitro, and this may be a com-
mon property of many proteins [2]. Despite no obvious se-
quence or structure similarity, all the proteins responsible for
amyloid deposition form ﬁbrils composed of characteristic b-
strands by X-ray diﬀraction pattern [3]. Negative-stain trans-
mission electron microscopy (TEM) studies show amyloid ﬁ-
brils are unbranched, with diameters of 6–12 nm [4], and
ﬁbrils can be detected through the binding of dyes such as
Congo red [5] or thioﬂavin T [6].
The yeast prion-like protein, Sup35, oﬀers a convenient
model for studying not only the mechanism of amyloid ﬁbril
formation but also the prion-like transmission of the protein
conformation [7]. It consists of three distinct sequence ele-
ments of N, M, and C domains, which play diverse roles inAbbreviations: apoMb, apomyoglobin; TEM, transmission electron
microscopy; CD, Circular dichroism; PBS, 10 mM sodium phosphate,
1.8 mM potassium phosphate, 140 mM NaCl, and 2.7 mM potassium
chloride, pH 7.4; WT, wild type
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doi:10.1016/j.febslet.2005.01.059physiology [8]. The N domain is extremely rich in Gln and
Asn, and contains several imperfect repeats of the aggregation
sequence QGGYQQQYNP, which is similar to the human
prion protein repeats [9]. This N region of Sup35 exerts a crit-
ical function in ﬁbrillogenesis of Sup35 in vitro [10] and in vivo
[11]. Moreover, the aggregation sequence itself from the N do-
main is also able to generate ﬁbrils with a dehydrated b-sheet
structure [9].
Sperm whale apomyoglobin (apoMb), which is prepared
from holomyoglobin (holoMb) by removal of the non-cova-
lently bound heme group, is one of the most extensively stud-
ied model proteins in the protein folding ﬁeld [12]. Despite F
helix unfolded, this protein is well deﬁned to have typical heli-
ces and forms a partially folded intermediate with only A, G,
and H helices packed at pH 4.2 [13]. In most instances, par-
tially folded intermediate conditions are required to start ﬁbril
formation for protein that normally adopts a folded structure
[3]. Hitherto, the ﬁbril formation of apoMb at this intermedi-
ate pH has not been studied. On the other hand, it has been
proved that several aggregation sequence repeats (QGGYQQ-
QYNP)5 of Sup35 can lead holoMb, which is more stable than
apoMb, to form ﬁbrils by destabilization [14]. However, the ef-
fect of an aggregation sequence QGGYQQQYNP of Sup35 on
ﬁbrillogenesis of apoMb without disturbing the stability has
not been directly clariﬁed yet. Furthermore, the region which
should be responsible for apoMb self-association to ﬁbrils
and the mechanism of apoMb misfolding have not been eluci-
dated completely except for the G helix reported to be relevant
for its ﬁbril generation [15].
To test whether or not ﬁbril formation of apoMb can be fa-
vored by an aggregation sequence from Sup35 and which region
of apoMb is important for its ﬁbril formation at pH 4.2, several
mutants were constructed via substituting the ﬂexible regions.
In the present study, without changing the stability of the pro-
tein, we found that ﬁbril formation of apoMb can be facilitated
to diﬀerent extent by the aggregation sequence QGGYQQ-
QYNP depending on the various regions replaced, and their ﬁ-
brils formed exhibit a range of morphologies in vitro.2. Materials and methods
2.1. Construction and preparation of apoMb mutants
ApoMb mutants with the aggregation sequence were constructed
from the synthetic sperm whale myoglobin gene of pMbT7 plasmid
which is a gift from Robert Baldwin, and expressed in Escherichia coli
BL21/DE3. Proteins were obtained from the inclusion bodies whichblished by Elsevier B.V. All rights reserved.
Fig. 1. Structure of apomyoglobin and the amino acid sequences
replaced by the aggregation sequence. Molscipt diagram of the
structure of apoMb [28], the black arrow represents the replaced
region by the aggregation sequence (A), and the amino acid sequences
of substitution regions in apoMb (B) were presented.
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washed and dissolved in the buﬀer (8 M urea, 10 mM Tris–HCl, and
20 mM 2-mercaptoethanol, pH 8.3) overnight, and then were applied
to a high Q strong anion exchange column (BioRad) after centrifuga-
tion. The puriﬁed apoMb, whose purity was more than 95% based on
SDS–PAGE analysis, was dialyzed into 30 mM acetic acid. Protein
concentration was determined according to the method of Edelhoch
[16].
2.2. Urea-induced unfolding and data analysis
A stock solution of apoMb was diluted into urea of diﬀerent concen-
trations with a ﬁnal protein concentration of 1 lM. To stabilize the
apoMb intermediate at pH 4.2, 20 mM sodium sulfate was added to
2 mM sodium acetate buﬀer [17]. The chosen temperature was 37 C
for mimicking the physiological condition. After the solutions were
incubated at this temperature for enough time to reach the kinetic
equilibrium, ﬂuorescence measurements were performed on an F-
4500 ﬂuorescence spectrophotometer (Hitachi) with 1 cm path-length
cuvette. The excitation wavelength was 288 nm, and the emission
was monitored at 330 nm.
Urea-induced unfolding curves were analyzed by a two-state equa-
tion using the procedure of Santoro and Bolen [18], in which the native
and unfolded baselines were determined by the data inside as well as
outside the transition zone.
2.3. Electron microscopy
Aqueous solutions of apoMb samples in 20 mM sodium acetate at
pH 4.2 were agitated in a thermostatted orbital shaker with 170 revo-
lutions per minute, 37 C for two and three months, respectively. For
each sample after incubation, the integrity was well preserved and the
concentration remained constant, which were proved by SDS–PAGE
and the method of Edelhoch [16]. Then, small drop of about 5 ll of
the sample was placed upon the surface of glowed carbon ﬁlmed grids.
The residual material left on the ﬁlms was negatively stained with 1%
uranium acetate after suction removal of most of the applied drop. A
Philips CM 120 transmission electron microscope, operated at an
acceleration voltage of 100 kV, was employed for the ﬁbrils detection.
The dimensions of ﬁbrils were measured on the photograph enlarged
to 46 000·.
2.4. Thioﬂavin T binding assay
Prepared ﬁbril samples, the same in the electron microscope method,
were diluted to 20 lM thioﬂavin T in 10 mM phosphate buﬀer of pH
6.0, then the emission ﬂuorescence intensity of 485 nm was monitored
with the excitation at 442 nm on the ﬂuorescence spectrophotometer.
Readings were done in triplicate, and the average was used for data
analysis. Thioﬂavin T stock was ﬁltered three times before use.2.5. Congo red binding assay
Suspension ﬁbrils incubated previously were mixed with 6 lM Con-
go red in PBS. The reaction was kept in dark for at least 30 min to
reach the kinetic equilibrium before recording the absorbance spec-
trum using Agilent 8453E UV–Vis spectroscopy system. The diﬀerence
spectrum was obtained by a spectrum of the mixture of 60 lg/ml pro-
tein ﬁbril and 6 lM Congo red after subtraction of the absorption
spectra of the two components taken separately. The dye stock was ﬁl-
tered for three times before use.3. Results
3.1. Design of apomyoglobin mutants
Sperm whale apoMb is a small monomeric protein contain-
ing characteristic a-helices named A through H except for F
helix. Native apoMb in interhelical regions and at the C-termi-
nal end of the H helix are conformational ﬂexuous (Fig. 1A)
[19]. At pH 4.2, a partly folded intermediate of apoMb, in
which A, G, and H helices pack to a hydrophobic core, can
be formed and play a critical role in folding process [13]. In
addition, Sup35 from yeast contains several repeats of theaggregation sequence whose number of the amino acid resi-
dues is similar to that of the loops and F helix of apoMb.
Therefore, to ensure correct folding of apoMb and keep its sta-
bility unaltered, we prepared four apoMb mutants, in which
an aggregation sequence QGGYQQQYNP replaced the ﬂexi-
ble regions instead of A, G, and H helices, namely the loops
between C and D helices (mutant CD), between E and F heli-
ces (mutant EF), and the entire F helices (mutant F), the last
mutant was that the sequence was linked to the C-terminus
of apoMb (mutant HT) (Fig. 1B). As it was by substitution
but not by insertion with the aggregation sequence that we
constructed the mutants, the wild type (WT) of apoMb itself
was used as the control.
3.2. Eﬀect of aggregation sequence on the stability of
apomyoglobin
Urea-induced unfolding of apoMb was carried out at pH 4.2
to examine the eﬀect of the aggregation sequence on protein
stability. The unfolding process of apoMb WT and the mu-
tants monitored by Trp ﬂuorescence reveals apparently a
two-state. Based on the Santoro and Bolens two-state model
[18], the normalized curves are shown in Fig. 2.
As we expected in the protein design, the normalized unfold-
ing curves of apoMb WT and its mutants at pH 4.2 have al-
most the same Cm (urea molarity at the midpoint of the
unfolding transition curve) and m* (slope of the unfolding
curve) values despite slightly decreased Cm value of mutant
HT, which implies that the mutants are as stable as WT except
for mutant HT. It may be by the reason that the C-terminus of
apoMb is ﬁrmly anchored in a compact hydrophobic core in
the intermediate state. The aggregation sequence, which is
added to the C-terminus of apoMb, may aﬀect the hydropho-
Fig. 3. Morphology of the protoﬁbrils formed by apomyoglobin after
incubation for two months at pH 4.2 monitored by electron micros-
copy. Micrographs depicted that negatively stained protoﬁbrils (arrow)
formed from apoMb WT (A) and the four mutants, CD (B), EF (C), F
(D), HT (E). They were in 20 mM NaAc buﬀer at pH 4.2 and agitated
in a thermostatted orbital shaker at 37 C with 170 revolutions per
minute for two months. The protein concentration was 2 mg/ml. The
scale bar represented 200 nm.
Fig. 2. Urea-induced unfolding of apomyoglobin monitored by
ﬂuorescence. Normalized ﬂuorescence-monitored urea-unfolding
curves of apoMb and its derivates were shown. The buﬀer contained
2 mM NaAc with 20 mM Na2SO4 at pH 4.2. The concentration of
apoMb WT (s), mutant CD (d), mutant EF (n), mutant F (m), and
mutant HT (h) was 1 lM. The excitation wavelength was 288 nm, and
the emission was monitored at 330 nm. All data were collected at
37 C.
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protein stability.
3.3. Acid-induced ﬁbril formation of apomyoglobin
The aggregate formation of apoMb WT and the mutants at
pH 4.2 was examined, and they exhibit a variety of forms over
a period of months. After agitated for two months at 37 C,
each sample was examined by TEM. Only small particles were
present in the electronic micrographs of WT and mutant F,
which are most likely the protein monomer molecules accord-
ing to their size and characters (Fig. 3A and D). Short chain-
like structures with the appearance of a row of beads were ob-
served in mutants CD and HT (Fig. 3B and E). The individual
beads have similar diameters as to that appeared in Fig. 3A,
which suggests the short chain structure must be composed
of protein monomers. Short ﬁlaments of mutant EF revealed
in Fig. 3C indicate that protein ﬁbrils are beginning to form.
After one more month, TEM was conducted again using these
same samples agitated with the same method. At this time, all
samples formed ﬁbrillar aggregates of diﬀerent amount with
distinctive morphology. The images of mutants EF and F
show that these ﬁbril shapes are alike as that observed for
WT except that their ﬁbrils are longer (Fig. 4A, C, and D).
The ﬁbrils appear straight, unbranched, and have a diameter
of approximately 7–10 nm. In contrast to the ﬁbril pattern of
WT, the aggregate image of mutant CD exhibits a short,
twisted, and ﬂat ribbon-like ﬁbril (Fig. 4B). A mixture of struc-
tures of mutant HT was observed including twisted tubular ﬁ-
brils in addition to the small particles, which resemble those
obtained above (Fig. 4E).
3.4. Properties of ﬁbrils formed from apomyoglobin
A series of optical tests was employed to investigate further
that these ﬁbril aggregates meet all criteria to be classiﬁed as
amyloid ﬁbril. Thioﬂavin T and Congo red are dyes that are
widely used to identify ﬁbrils because of their ability to bind
preferentially to ﬁbrils but not to the native peptide, or amor-phous aggregates of peptide [6]. The relative amount of amy-
loid ﬁbrils can be determined by the ﬂuorescence intensity of
485 nm (excitation at 442 nm) in thioﬂavin T assay [20]. As
shown in Fig. 5A, after three months agitation, the thioﬂavin
T ﬂuorescence intensity at 485 nm of each sample increases sig-
niﬁcantly in contrast to the solution agitated before, and the
ﬂuorescence intensity of each mutant is more than WT, which
indicates that the ﬁbril amount of each mutant is more than
WT after ﬁbril forming. In addition, these samples produced
a red shift of the maximal light absorption of Congo red,
which was reported for binding to amyloid ﬁbrils [5]. The
diﬀerence spectrum in Fig. 5B was obtained as described in
Fig. 4. Morphology of the ﬁbrils formed by apomyoglobin after
incubation for three months at pH 4.2 monitored by electron
microscopy. Micrographs depicted that negatively stained ﬁbrils
formed from apoMb WT (A) and the four mutants, CD (B), EF (C),
F (D), HT (E). They were in 20 mM NaAc buﬀer at pH 4.2 and
agitated in a thermostatted orbital shaker at 37 C with 170 revolu-
tions per minute for three months. Protein concentration was 2 mg/ml.
The scale bar represented 200 nm.
Fig. 5. Dye-binding assays of ﬁbrils formed by apomyoglobin. (A)
Thioﬂavin T assay. The ﬁbrils were prepared in Fig. 4. The
ﬂuorescence emission intensity at 485 nm (kEx = 442 nm) was mea-
sured for 20 lM thioﬂavin T containing 1 lM protein (h) and
compared with that of 20 lM thioﬂavin T containing 1 lM ﬁbril,
which was incubated for three months (n). The buﬀer was phosphate
buﬀer, pH 6.0. Each column represents average of triplet measure-
ments, with the error bar representing standard deviation from the
mean value. (B) Congo red assay. Diﬀerence spectra of Congo red
binding to ﬁbrils prepared in Fig. 4, were overlaid. The diﬀerence
spectrum was obtained by a mixture of 60 lg/ml protein ﬁbrils and
6 lM Congo red after subtraction of the absorption spectra of the two
components taken separately. The buﬀer was PBS. The symbols in
these spectra represent the same proteins as in Fig. 2.
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wavelength of each sample is distinct. ApoMb WT, mutants
CD and F have an analogous diﬀerence maximal wavelength
at 520 nm, and the diﬀerence spectral wavelength shifts to
540 and 550 nm in mutant EF and mutant HT, respectively.
Furthermore, we quantiﬁed the binding of apoMb aggregates
to Congo red according to the absorption at 540 and 480 nm
[14]. The result shows that the ﬁbrils of mutants CD and EF
have high aﬃnity for Congo red, while WT has the lowest in
the ﬁve samples after three months incubation (data not
shown), which is consistent with the thioﬂavin T binding assay
(Fig. 5A). All these results are coinciding with the electron
microscope images as shown in Fig. 4.4. Discussion
4.1. Fibril formation of apomyoglobin facilitated by aggregation
sequence
Previous work has elucidated that aggregation sequence re-
peats of Sup35 is able to induce ﬁbril formation of myoglobin
in vitro [14]. In our study, an aggregation sequence was intro-
duced to diﬀerent regions of apoMb, respectively. As a result,
mutants CD, EF, and HT formed aggregates prior to WT as
observed by TEM when agitated at pH 4.2 for two months
(Fig. 3). Furthermore, the amount of the ﬁbrils formed, as de-
tected by thioﬂavin T and Congo red binding assays, from each
of the four mutants was more than that formed fromWT when
incubated for three months at pH 4.2 (Fig. 5). Thus, the aggre-
gation sequence also has the potential to assist the ﬁbrillogene-
sis of apoMb. If more than one loop region were substituted,
the facilitation of the sequence on ﬁbrillogenesis may be in-
creased. Up to the present, to our knowledge, this is the ﬁrst re-
port that apoMb can also form amyloid ﬁbrils at intermediate
Y. He et al. / FEBS Letters 579 (2005) 1503–1508 1507pH in an acid-induced partially folded state, which may provide
a convenient model to elucidate the mechanism of apoMb ﬁbr-
illognesis from the intermediate precursor.
The stability of apoMb mutant HT decreased compared
with that of WT under acidic condition, which may favor its
ﬁbril formation. Indeed, after incubated for two months at
pH 4.2, mutant HT produced short chain aggregates, while
WT kept monomer structure (Fig. 3). The proposition that
destabilizing proteins facilitates ﬁbrillogenesis also accommo-
dates many other proteins, which include, for example, immu-
noglobulin light chain [21], b2m [22], and SOD [23]. On the
other hand, the stability of apoMb mutants CD and EF was
not aﬀected by the aggregation sequence in contrast to that
of WT, whereas they also produced ﬁbrils more quickly than
WT at acidic pH, especially mutant EF which formed ﬁlaments
even within only two months of incubation (Fig. 5). One of the
reasonable explanations is that many potential hydrogen
bonded chemical groups of Asn, Gln, and Tyr, rich in the
aggregation sequence, can form a ‘‘polar zipper’’, which facil-
itates protein monomer to associate into amyloid ﬁbrils [24].
Possibly, the same mechanism is also applicable to mutant
HT. However, it cannot be excluded that the acceleration of ﬁ-
bril formation by the aggregation sequence may be partly
attributed to the slight disturbance on the surface of apoMb
mutants.
4.2. Diﬀerent eﬀects of the aggregation sequence in diﬀerent
regions of apomyoglobin
ApoMb, whose native state and all partially folded states
characterized so far are signiﬁcantly helical, has a predisposi-
tion to form amyloid ﬁbrils, which are characteristically rich
in b-sheets [2]. The exact mechanism in the transition from
the compact and highly soluble protein of apoMb to amyloid
ﬁbril is unclear till now. Dobson and his colleagues suggested
G helix might be involved in the transition from a-helix to b-
sheets [15]. According to the stability comparison among
apoMb derivatives, we discovered that the stability of mutant
F was similar as that of mutants CD and EF at pH 4.2; how-
ever, it was unable to form ﬁlaments at acidic pH in early per-
iod (Fig. 3), and in late period, like its counterparts, mutant F
generated more ﬁbrils than WT (Fig. 4). Amyloid ﬁbril forma-
tion is a nucleation-dependent process in which non-native
protein molecules gradually cluster together to form a nucleus,
and then to ﬁbrils [25]. F helix in apoMb probably does not
contribute signiﬁcantly to the early ﬁbril nucleus formation,
but may be important in later ﬁbril elongation process. The
loops between C and D helices and between E and F helices
might exert a crucial function in the process of ﬁbril nucleus
formation, because mutants CD and EF can quickly form
the ﬁlaments with constant stability compared with WT. These
results may provide some clues on clarifying the conforma-
tional change during apoMb misfolding from the intermediate
precursor. However, further investigation on the mechanism of
apoMb ﬁbrillogenesis is needed.
The data presented here show that apoMb WT and its deriv-
atives are capable of clustering to amyloid-like ﬁbrils with dif-
ferent morphology at pH 4.2, which is possibly dependent on
the protein itself. After three months incubation, mutants EF
and F formed longer and unbranched ﬁbrils in contrast to
WT, while the aggregates from mutant CD were short, twist
ribbons, and mutant HT ﬁbril was a mixture including both
twist ﬁbrils and small particles (Fig. 4). Nevertheless, the rela-tionship between the mutant loop and the shape of the ﬁbrils
needs to be further investigated. Protein folding depends criti-
cally on the presence of distinctive side chain sequences [26]. In
contrast, amyloid formation arises primarily from main chain
interaction [27]. Although the secondary structure of b-sheet
architecture of amyliod ﬁbrils is almost the same in the diﬀer-
ent derivatives of apoMb, the morphological character of them
varies, which may be determined by protein itself with altered
amino acid main chain sequence.
4.3. Potential signiﬁcance and application
In the current study, at intermediate pH, the aggregation se-
quence which is from yeast Sup35 facilitates ﬁbril formation of
apoMb in various regions even though very stable in vitro.
These results may provide a convenient model to elucidate
the mechanism of apoMb ﬁbrillognesis from the intermediate
precursor. On the other hand, our study may also provide
some clues on the strategy of preventing ﬁbril formation by di-
rectly targeting the aggregation sequence which is common in
the protein conformational diseases. Many other therapies
including enhancing the stability of protein is also a useful
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